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Introduction
Understanding mass transfer within the Earth's crust requires tracing the origin of deep fluids and their fluid-rock interactions (Yardley and Bodnar, 2014) . Ancient deep crustal fluids are preserved in fluid inclusions. However due to the small volume of fluid that is trapped as the host mineral grows, the use of isotopic tracers is challenging (Pettke et al., 1995 (Pettke et al., , 2010 Gleeson et al., 1999; Banks et al., 2000a) . With notable exceptions of a few pioneering studies, the Li isotopic composition of fluid inclusions remains largely under-exploited (Teng et al., 2006a; Masukawa et al., 2013; Yang et al., 2015) .
Lithium is a moderately incompatible fluid mobile element, with a ionic radius of 0.76 Å (for Li + ) and a large relative mass difference of ~ 16% between the two stable isotopes 6 Li and 7 Li (relative abundances ~ 7.5% and ~ 92.5% respectively). 7 Li values and Li concentrations of present-day shallow fluids (10 -4 to 10 2 mg/l in ground waters, geothermal waters, hydrothermal vents) are dominantly controlled by: (i) the initial concentration and isotopic composition of the pristine fluids (e.g. meteoric water, seawater, magmatic water); (ii) release from / incorporation into soil-, sediment-and rock-forming minerals and (iii) fluid-assisted grain-boundary diffusion, as 6 Li diffuses faster than 7 Li (Teng et al., 2006b; Millot et al., 2007a; Scholz et al., 2010; Penniston-Dorland et al., 2010; Schmitt et al., 2012) . This results in a wide range of the reported compositions for rocks ( 7 Li = -20‰ to +25‰) and fluids ( 7 Li = -5‰ to +45‰) (Tomascak et al., 2016) . In addition, there is very little fractionation in hydrothermal systems during boiling (∆ 7 Livapour-liquid ≤ -0.5‰) and therefore Li isotopes are indicative of the source reservoirs and fluid-rock interactions (Liebscher et al., 2007) . Consequently, Li isotopes have huge potential for tracing crustal fluids and have been extensively studied: (i) in submarine hydrothermal vents, geothermal waters and ground waters (Chan et al., 1993; Bottomley et al., 1999; A C C E P T E D M A N U S C R I P T 4 2007b; (ii) in minerals and whole-rock samples (Chan et al., 1993; Romer et al., 2005; Halama et al., 2011) and (iii) to determine fluid/mineral isotopic fractionation factors (Lynton et al., 2005; Wunder et al., 2007; Jahn and Wunder 2009) .
In order to better assess the potential of Li isotopes in fluid inclusions as a tracer of different crustal fluids, twenty-three samples from eight localities worldwide covering diagenetic, metamorphic and magmatic-hydrothermal conditions were selected (Table 1) . Samples were first analysed by laser ablation -inductively coupled plasma mass spectrometry (LA-ICPMS) for determination of Li concentration in the minerals (quartz and dolomite) hosting the fluid inclusions. Then, for each sample, a bulk fluid inclusion leachate was extracted using the conventional "crush-leach" method (Banks et al., 2000b) . The fluid inclusion leachate was analysed for its cation (Li, Na, Ca, K, Mg, Sr) composition, followed by the separation of Li using automated high-performance ion chromatography (HPIC). The Li elution (and other major cations mention above) was monitored for every samples using HPIC, which guarantees a high elution yield and pure Li separation. Finally, the Li isotopic composition of the eluted Li was analysed by multi collector -inductively coupled plasma mass spectrometry (MC-ICPMS). To the authors' knowledge, this is the first time that a combination of automated HPIC for cation elution and isotopic analysis is used on fluid inclusion leachates.
Materials and methods

Sampling
The samples were selected according to the following criteria: (i) previously-published fluid inclusion data (trapping temperature, composition and origin of the enclosed fluids) is
available for all samples, or paragenetically equivalent samples, of one locality (Table 1) ; (ii) primary and pseudosecondary fluid inclusions were the dominant and most saline fluid inclusion population, and therefore comprise by far the majority of the element budget of Li in order that the data represented a single fluid and not a mixture of fluids; (iii) the samples were selected from relatively high-permeability hydrothermal vein systems where fluid flow rates were more than high enough to favor advective over diffusive Li transport (Dolejš et al., 2015) ; this means that diffusion between the wall rocks and the fluids prior to fluid inclusion trapping is expected to have had an insignificant effect on Li concentrations and 7 Li values and (iv) the dominant fluid inclusion populations in the samples account for the diversity of temperature and salinity of deep crustal fluids. Among the selected samples, primary and pseudosecondary fluid inclusions have reconstructed salinities based on microthermometry of ~ 5 to 78 wt.% equiv. NaCl and trapping temperature of ~ 150 to 600°C.
Twenty-two samples from hydrothermal veins consist of quartz and one consists of dolomite (sample RBL5Carb). The following sample descriptions were ordered according to their estimated trapping temperature (low to high). The selected samples include (Table 1) : (i) quartz and dolomite from veins related to circulation of basinal brines from evaporated seawater at the basement-cover interface around "unconformity-related" U deposits in the Athabasca basin (Canada) and Kombolgie sandstones (Australia) (Derome et al., 2007; Richard et al., 2011); (ii) quartz from Cu, Pb, Zn-sulfides-bearing veins spatially associated with cooling Variscan granites and formed by circulation of, probably, magmatic fluids variably diluted by connate fluids from the country rocks in Southwest England (Alderton and Harmon, 1991; Turner and Bannon, 1992) ; (iii) quartz from Au-bearing veins related to metamorphic fluids in the Brusson Au district (Italy) (Yardley et al., 1993) ; (iv) quartz from veins related to the infiltration of basinal fluids into igneous and metamorphic basement rocks of the Modum Complex (Norway) (Munz et al., 1995) ; (Alderton and Harmon, 1991; Turner and Bannon, 1992) and (viii) quartz from Th, U, REE-minerals-bearing veins formed from magmatic fluids introduced in brecciated zones above the Capitan Mountains pluton (New Mexico, U.S.A.) (Campbell et al., 1995 (Guillong et al., 2008) .
Samples were crushed in an agate pestle and mortar and leached at the School of Earth and Environment, University of Leeds, UK, to release their bulk fluid inclusion content according to the conventional "crush-leach" technique (Banks et al., 2000b) . Samples were crushed to a grain size fraction of 1-2 mm. Pure mineral separates were then picked under a binocular microscope and placed in a ultrasonic bath for 1 hour. Then samples were cleaned by boiling three times in 18.2MΩ de-ionised water. Cleaned quartz and dolomite grains (0.5 to 1.5 g) were crushed to a fine powder in an agate pestle and mortar and the mineral powders were leached in 5-6 ml distilled 18.2 M de-ionised water and filtered immediately, to minimise leaching of Li from the host minerals, using a 0.2 µm nylon filter.
Ion chromatography (IC)
Samples from Southwest England and Panasqueira Sn-W deposit were analysed for Cl, Br and I at the School of Earth and Environment, University of Leeds, UK, with a Dionex DX-500 ion chromatograph (IC). Anion analyses were not carried out on the other samples for this study because similar analyses on paragenetically equivalent samples have been previously published, as mentioned in Table 1 .The detection limit in fluid inclusion leachates is ~ 3 µg/l for Cl and ~ 1 µg/l for Br and I. Molar Br/Cl ratios are quoted with an error of less than ± 5% based on the replicate analysis of a standard seawater sample (Ocean Scientific GPS-1, Atlantic seawater) and I/Cl ratios are semi-quantitative due to the very low concentration of iodine the leachates. the Chromeleon ® monitoring software. The autosampler with a 5 ml injection syringe consists of places with 10 ml sample vials and caps with Teflon covers. Samples were injected through a 500 µl sample loop. A Dionex GC16 guard and CS16 analytical columns in series with the methane sulfonic acid (MSA) eluent were used for the ion-exchange. A high sensitivity for the cation detection was attained by using the self-regenerating Dionex CSRS 300 suppressor. Ion fractions were collected in a fraction collector containing 4 × 60 seat racks with 8 ml plastic sample tubes.
In every step of analysis MQ water of 18.2 MΩ.cm was used (Milli-Q Integral / Q-pod Element Unit). To reach the required degree of Li separation the following parameters were used: 40 mM MSA eluent concentration, column at 50°C, suppressor at 20°C and flow rate of 1 ml/min. The instrument was calibrated for each cation over the following concentration ranges; 0.002 to 0.1 mg/l for Li, 0.2 to 10 mg/l for Na, K and Mg, 0.6 to 30 mg/l for Ca and 0.02 to 1 mg/l for Sr. The calculated limits of detection for Li, Na, Mg, K, Ca and Sr, are respectively 1.12, 110, 15, 212, 3065 and 21 ng/l. Cations concentrations of the fluid inclusion leachates were optimised to the given calibration range. Therefore, dilution or enrichment of the samples was not necessary prior to analysis. Each sample was run between one and five times in order to collect enough Li for the
isotopic analysis. At each sample change, washing of the whole separation line was performed using MQ water (25 + 10 minutes runs) in order to obtain clean blank runs. The reported concentrations represent an average of the multiple IC measurements. Cation concentrations in the fluid inclusion leachates are quoted generally with a 1 error of less than ± 3% for Li, ± 1%
for Na, ± 3% for Mg, ± 1% for K, ± 2% for Ca and ± 3% for Sr. Absolute Li concentrations in the bulk fluid inclusion populations are reconstructed from the average salinity estimated from microthermometry (in wt.% NaCl equiv.; Table 1 ) using a charge-balance approach, which will result in a maximum error in the concentrations of only ± 10%. This method corrects the modelled amount of Na (from the wt.% NaCl equiv.) for contributions from other chloride salts using the analysed elemental ratios to Na (Allan et al., 2005 ).
Multi collector -inductively coupled plasma mass spectrometry (MC-ICPMS)
Lithium isotopic measurements on Li fractions recovered from fluid inclusion leachates by HPIC were performed at the Geological Survey of Finland (GTK, Espoo). The samples were evaporated almost to dry and recovered into disposable 2ml beakers in 1.0 to 1.5 ml HNO3 2%.
The analysis were carried out by using a desolvator nebuliser, a 50 l PFA MicroFlow TM nebuliser and a MC-ICPMS (Nu Instruments ) at low mass resolution ( m/m = 400). The Li isotopic measurements were performed in static mode using the two outermost faraday detectors, and 6 blocks of 10 integrations. The samples were analysed two to three times, depending on the amount of Li collected by HPIC, and the results are given as an average of the measurements.
Values of 7 Li are reported in standard per mil (‰) notation relative to L-SVEC (a Li pure carbonate standard NIST RM 8545; Flesch et al., 1973) where
composition was run through the HPIC separation setup and generated an average isotopic composition of -0.04 ± 0.04‰ (n = 3), which indicates negligible (<0.08‰) instrumental fractionation during combined HPIC and MC-ICPMS.
Results
Analytical results are reported in Table 2 and plotted in Fig. 1 and 2 and are briefly described below.
Lithium concentration in the host minerals
The Li concentrations in the minerals hosting the fluid inclusions ranges from 0.5 ± 0.1 µg/g (1 ) to 108.8 ± 6.9 µg/g (1 ) in the quartz samples and is of 0.07 ± 0.01 µg/g (1 ) in the range from 12 to 653 mg/l. This is in good agreement with previously published data on equivalent samples (see references in Table 1 ). Sodium is the dominant cation in the fluid inclusion leachates and Na/cation molar ratios have the following ranges: Na/Li = 13 to 1138, Na/K = 4 to 53, Na/Mg = 2 to 800, Na/Ca = 1 to 23 and Na/Sr = 30 to 5383. Again, this compares well with previously published data on equivalent samples (see references in Table 1 ). Variation of the Na/cation ratio within individual localities is generally less than a factor of ten.
Lithium isotopic compositions of the fluid inclusions
The Li isotopic compositions of the fluid inclusion leachates range from -1.4 ± 0.2‰ (1 ) to +41.3 ± 0.8‰ (1 ). The different samples from a given locality typically have a narrow range A
The majority of compositions do not overlap between the sample sets of different localities in a 7 Li vs [Li] field (Fig. 1) . The 7 Li values of fluid inclusions show no clear correlation with trapping temperature and salinity, or Br/Cl, I/Cl, Na/Ca, Na/K, Na/Mg, Na/Li and Na/Sr molar ratios, considering individual localities and for the overall dataset (Fig. 2c-k) .
Discussion
Significance of 7 Li values
Here, fluid inclusions are generally significantly enriched in Li compared to their host mineral (Fig. 2a) . The fact that the highest Li concentrations in fluid inclusions are associated with the highest Li concentrations in the host quartz may suggest that, for the studied samples, the Li concentration in the hydrothermal fluids controls the Li concentration of the quartz growing in the fluids (Fig. 2a) . The range of Li concentrations in quartz of this study is consistent with those previously established in quartz when entirely free of any solid inclusions (Monecke et al., 2002; Götze et al., 2004; Allan and Yardley, 2007) . Therefore the Li concentrations in quartz most likely reflect structurally-hosted Li in the quartz lattice.
The solubility of quartz in pure water at 25°C is very low (~ 10 ppm; Tester et al., 1994) and leachates are filtered to remove quartz particles immediately. Assuming an extreme scenario using samples with the lowest Lileachate/Liquartz ratios (MTE, SW18, LD888, CA 00-1 and RBL5Qz; Table 2 ), and with 5 ml of leachates for 1 g of crushed quartz, more than 5% contamination of the fluid inclusion leachates by the host quartz may only be observed if more than 0.01% of the total Li of the host quartz is transferred to the leachates during the crush-leach procedure. Therefore such significant contamination is very unlikely.
ACCEPTED MANUSCRIPT
A Table 1 , seawater evaporation trend in Fig. 1 ). Therefore, high Li content of the studied fluid inclusions may originate from: (i) the high Li content in the pristine fluids and/or the country rocks and (ii) Li leaching (Burisch et al., 2016a ) dominating over Li incorporation (Scholz et al., 2010) into country rocks. More generally, Li concentration higher than 100 mg/l seem to be the rule rather than the exception in geothermal, metamorphic and magmatic fluids, even in environments that are not distinctly Li-rich (Yardley, 2005) .
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In Figure 2 , 7 Li values of the studied fluid inclusions have been plotted against various parameters (trapping temperature, salinity and Br/Cl, I/Cl, Na/Ca, Na/K, Na/Mg, Na/Li and Na/Sr molar ratios). 7 Li values of fluid inclusions are clearly independent of trapping temperature, even for a given area, in contrast to the strong temperature dependence of 7 Li values, between ~ 50 and 250°C, observed in some hydro-geothermal systems (Millot et al., 2007a) (Fig. 2c) .
Although some of the data would be close to the regression line of Millot et al. (2007) (Foustoukos et al., 2004; Scholz et al., 2010; Gao et al., 2012) but is beyond the scope of this study.
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A N U S C R I P T Fig. 1 ). This is compatible with similar observations from the Takatori W deposit (Japan) and from the Gacun Zn-Pb-Cu deposit (China) (Masukawa et al., 2013; Yang et al., 2015) . Fluid inclusions in quartz from the Tin Mountains pegmatite in the Black Hills (U.S.A.) have higher 7 Li values than those in other fluid inclusions mentioned above (+8.1 to 13.4‰). This has been explained by isotopic fractionation during crystal-melt fractionation during the latest stage of granite differentiation and fluid exsolution (Teng et al., 2006a) . Therefore, low 7 Li values in fluid inclusions from Capitan Mountains and Southwest England are in accordance with the previously proposed genetic models which assume a dominantly magmatic origin of the fluids and Li (Alderton and Harmon, 1991; Turner and Bannon, 1992; Campbell et al., 1995) .
Sedimentary fluids
Fluid inclusions formed from fluids related to sedimentary aquifers have high 7 Li values (Central Pyrenees, Modum Complex, Kombolgie sandstones, Athabasca basin) (Fig. 1) . Figure 1 indicates that variations of Li concentrations and 7 Li values away from the composition of seawater / evaporated seawater towards isotopically lighter and Li-rich compositions may reflect combinations of Li leaching from country rocks and Li incorporation into authigenic clay minerals. This is compatible with previously proposed models for the origin of the fluids which assume seawater / evaporated seawater as fluid sources and with the well-developed alteration haloes around the veins hosting the studied samples (Munz et al., 1995; McCaig et al., 2000;  A C C E P T E D M A N U S C R I P T 17 Derome et al., 2007; Richard et al., 2011) . A detailed mass-balance calculation on those haloes would be needed to confirm this hypothesis. In addition, no simple mechanism can explain isotopic compositions heavier than seawater combined with the elevated Li concentrations observed for two of the four samples from the Modum Complex (IA-463, IA-527).
Metamorphic and meteoric-derived fluids
Fluid inclusions formed from fluids originating from meteoric water dominantly However, based on noble gas and halogen analyses, a magmatic source would be very minor (Polya et al., 2000) compared to meteoric water. Moreover an additional process is required to account for 7 Li values above the upper crust composition. It can be speculated that this additional process could be Li incorporation into micas in the vein systems hosting the studied quartz (sample MSS/PAS 2) as suggested by the intense alteration developed around the W-Sn deposit (Polya et al., 2000) . 
Perspectives
For the studied samples, Li concentration and 7 Li values of fluid inclusions are compatible with previously proposed genetic models for the origin of the fluids and fluid-rock interactions.
7 Li values are independent from other tracers (e.g. Br/Cl, I/Cl) and other parameters (e.g. temperature, salinity, Na/Ca, Na/K, Na/Mg, Na/Li and Na/Sr). Therefore, Li isotopes in fluid inclusions provide valuable information that can be used in combination with other geochemical tracers to better constrain the origin of fluids and the mode of fluid-rock interaction.
Potential areas where the determination of Li isotopes could be used as tracers of crustal fluids include: (i) subduction zones, where Li is an indicator of slab dehydration and metasomatic processes (Chan and & Kastner, 2000; Penniston-Dorland et al., 2012) ; (ii) seafloor hydrothermal systems where Li is an indicator of seawater / oceanic crust interaction (Foustoukos et al., 2004; Gao et al., 2012) and (iii) ore-forming magmatic-hydrothermal systems where Li is an indicator of magmatic and metasomatic processes but also a metal of economic interest (Deveaud et al., 2015) . Finally, the analysis of fluid inclusions provides direct access to the Li isotopic composition of deep crustal fluids that are not obtainable by direct sampling, and can provide valuable information that may help understanding Li transfer between the hydrosphere, the crust and the mantle, via fluids and magmas. Samples from Southwest England are paragenetically equivalent to samples from Sn-W mineralisation and Cu-Pb-Zn mineralisation stages (Alderton and Harmon, 1991) .
ACCEPTED MANUSCRIPT
Samples from the Panasqueira W-Sn deposit (Portugal) are paragenetically equivalent or the same samples as from the "main sulfide stage / pyrrotite alteration stage" (MSS/PAS) (Polya et al., 2000) . (Millot et al., 2004) ; evaporated seawater, taken as beyond halite saturation and considering negligible isotopic fractionation during evaporation and salt precipitation (Fontes and Matray, 1993) ; meteoric waters (Huh et al., 1998; Millot et al., 2010a) ; UCC: upper continental crust Teng et al., 2004) ; geothermal waters (Sturchio and Chan, 2003; Millot et al., 2007a Millot et al., ,b, 2010b Millot et al., , 2012 Li data from some hydro-geothermal systems in France (Millot and Négrel, 2007a) . Empty stars stand for modern seawater composition (Drever, 1982; Millot et al., 2004) . Black bars stand for the range of composition of the upper continental crust (Teng et al., 2004) .
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